Many coastal protection structures in the UK have been designed for storm surges with appropriate return periods but their performance during tsunami-type waves is uncertain. A shallow water and Boussinesq (referred to as SWAB) model is well suited to the investigation of both nearshore storm waves and tsunami waves. This paper makes use of the SWAB model to compare the effect on coastal structures of solitary waves and storm waves. Wave runup parameters for both types of wave are generated, and shown to be in good agreement with experimental data.
parameters for both types of wave are generated, and shown to be in good agreement with experimental data.
The equations behind the SWAB model were derived assuming a small bed slope, and are therefore not suitable for modelling waves interacting with vertical and near-vertical structures.
However, the introduction of a reverse momentum term, to take account of a jet of water typical of a breaking wave impacting against a structure, allows wave overtopping volumes to be well predicted although it had a minor effect on the forces acting on the structure. Comparisons with experimental data, both with solitary waves and storm waves, are presented. Using this model, the difference between the impact, in terms of wave forces and wave overtopping, of tsunami waves and storm waves for a given structure is investigated.
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Introduction
In the UK, coastal structures are usually designed to protect against combinations of large waves and extreme high water levels, caused by storms. Tsunamis affecting the UK are very rare; confirmed examples include the Storegga tsunami of approximately 8000 years ago (Smith et al., 2004) and the tsunami resulting from the Lisbon earthquake of 1755 (Dawson et al., 2000) . However, the widely publicised Indian Ocean tsunami of 2004 and the 2011 Japanese tsunami have led to a reassessment of the risk to the UK from such potentially catastrophic events. The present overall research project is investigating how climate change may cause crustal rebound as ice caps melt as well as causing the release of gas hydrates from marine sediments. This could lead to more frequent earthquakes and an increased submarine landslide risk (see http://arp.arctic.ac.uk/projects/landslide-tsunami/). The UK, and Scotland in particular, would be at risk from tsunamis from the Norwegian Sea, although the approach has a general international application.
Notwithstanding the different probabilities of occurrence, there are differences between tsunami and storm-related flood damage. Storm surge duration is of the order of several hours to days and they interact with tidal oscillations. Horsburgh and Wilson (2007) suggest that in the UK storm surge maxima do not occur at high tide. There will also be some correlation between the extreme water levels and large storm waves; a joint probability analysis is often carried out to provide combinations of waves and water levels for a given return period (e.g. Chini and
Stansby, 2012).
It is not clear how tsunami damages compare with damages from storms. Being of the order of minutes in duration, a tsunami would not be expected to interact with tides in the same way; therefore one could occur during any part of the tidal cycle. A tsunami in the North Sea would take roughly one tidal cycle to propagate from north to south, so would be expected to coincide with high tide at some location. However, it is most unlikely that an extreme storm would coincide with a tsunami; therefore the associated storm and swell waves would be expected to be small.
It is common practice to use solitary waves to represent tsunamis, both in physical model tests and experimental simulations. Goring (1978) stated that waves with a net positive volume can be shown theoretically to eventually evolve into a series of solitary waves. Synolakis (1987) stated the relevance of solitary waves to the study of tsunamis. The SWAB model used for this analysis is described in Section 2. In Sections 3 and 4, the SWAB model's performance in simulating storm waves and solitary waves respectively, will be discussed. These sections will compare SWAB model predictions against physical model data and empirical equations for wave overtopping volumes and forces against seawalls. In Section 5 the SWAB model will be applied to assess how the potential impact of the storm waves and tsunami waves (solitary waves) effect of a hypothetical tsunami would compare, through analysis of simulations of wave runup and forces on a vertical wall to the overtopping associated with a storm event. Section 6 will provide a discussion of the results.
The SWAB Model
The SWAB model is described in detail by McCabe et al. (2013 and are used by SWAB, in one dimension. They consist of a continuity equation (1) and a momentum equation (2):
where is depth-averaged velocity, ℎ water depth, still-water depth, the bed level, bed shear stress, water density, kinematic viscosity of water, the wave breaking eddy viscosity and wall is the reverse momentum term (see equation 6). The Boussinesq terms are the non-breaking part on the second and third lines of equation (2), where is a constant that controls the linear dispersion characteristics. The horizontal diffusion terms are the breaking part on the fourth line. Madsen and Sorensen (1992) found that = 1 15 ⁄ gives the best linear dispersion. The model calculates numerical solutions for h using a Crank-Nicolson semi-implicit method following Stansby (2003) . This has the advantage of being more stable than fully explicit methods, without the damping effects of fully implicit methods. The bed shear stress is calculated using equation (3):
where is a friction coefficient. McCabe (2011) found that reducing from 0.01 to 0.005 could increase the highest storm wave runup crests by 10 %, although it has little effect on wave heights in the surf zone.
The equations have no intrinsic wave breaking mechanism. Therefore, some criterion is required to determine where the wave breaking process occurs. At these locations, the nonbreaking terms of equation (2) are set to zero and the breaking (horizontal diffusion) term is switched on. McCabe et al. (2013) showed that a good breaking criterion for storm waves is:
where is the height of an individual wave; and ℎ is the mean water depth over that wavelength. is the breaking coefficient; McCabe et al. (2013) showed that = 0.6 works well for all tested regular and random wave conditions. Other Boussinesq type models have used criteria based on the free surface slope, either as a spatial gradient (e.g. Schaffer et al., 1993) , or a rate of change of surface elevation with respect to time, which is equivalent to a surface slope (e.g. Kennedy et al., 2000) . The following will be tested in this investigation.
where is a coefficient. It is likely that the best criterion or breaking coefficient value for solitary waves or tsunami-like waves may be different from that for storm waves.
The model equations were derived assuming small bed slopes and are therefore not suited to the modelling of steep revetments and vertical walls without modification. However McCabe et al. (2013) showed that inclusion of a reverse momentum term could greatly improve predictions of volumes for waves overtopping a revetment with a recurve wall. The reverse momentum is derived from the force imposed on a jet of water in a breaking wave impacting against a wall:
where ℎ = min(ℎ, Δ ) ; is an empirical constant; Δ is the cell size and Δ is the change in bed level from the given cell to the next cell (e.g. the wall height).
SWAB Model -Storm Waves
McCabe et al. Best results for mean wave overtopping rates were achieved when the reverse momentum term was applied at the recurve wall only, with a value of = 1. Different wall profiles may require different values for . A friction factor, = 0.01, was used for the SWAB model tests. give similar results for mean overtopping rates; most predictions were within a factor of 2 of the experimental data, with the SWAB model tending to overestimate these volumes. Repeated SWAB model experiments using the same input wave spectrum with different random phases gave even large variation, with highest mean overtopping rates being approximately twice the lowest.
SWAB model runs were carried out to calculate maximum forces from random waves against a vertical breakwater. These forces were compared with those calculated using the formulae of Wave propagation speeds and wave heights are accurately predicted for breaking and nonbreaking waves. However, the SWAB model appears to under-predict the wave height and the wave speed near the breaking point for Trial 43 (Figure 3(a) ). The wave height under-prediction at = 140 m could be due to the weak nonlinearity of the model equations being insufficient for simulation of the highly nonlinear waves that occur near where they start to break. In Figure 3 Figure 8 shows that the contribution of the reverse momentum term (equation (6)) to the total force imposed is actually very small. As the bore makes contact with the vertical wall the depthaveraged velocity soon drops, and the force is largely due to hydrostatic load. By the time the maximum load is reached, the depth-averaged velocity is equal to zero.
Depending on the incident wave conditions, very large impulsive wave loads may be possible.
These occur where a wave first breaks at the location of the breakwater or sea wall. Despite numerous experiments on impulsive loads (e.g. Kirkgoz, 1990 Kirkgoz, , 1991 Kirkgoz, , 1992 Cuomo et al., 2010 Cuomo et al., , 2011 ) the physics of impulsive loading is not fully understood. It is clear however, that impulsive loads can be highly variable, with Kirkgoz (1991) showing that 90 th percentile loads are approximately double median loads for regular waves. The pressure on the wall is localised at a level close to the still water level. Impulse events are very short in duration; loading rise times are inversely proportional to the maximum load (i.e. the greatest impacts have the shortest duration). Impulses for the largest regular wave impacts recorded by Kirkgoz (1990) were less than 5 ms in duration. Two SWAB model runs were set up to attempt to reproduce the impulse forces; one with waves breaking near the wall ( = 0.6, using equation 4), and the other without breaking waves ( = 2.0, using equation 4). Figure 9 shows that neither case was able to simulate the impulsive behaviour recorded by Kirkgoz (1990) . The SWAB model is unable to reproduce such impacts. The nature of these impacts cannot be approximated as depthaveraged, and are affected by factors such as plunging jets and air trapping. It was observed by Stansby and Feng (2005) that even the start of spilling breaking had a plunging form. It is unlikely that any shallow-water type model can accurately simulate the forces imposed.
Numerous articles have solved the full Navier-Stokes equations to model the impact forces during wave breaking. One of the most promising methods is smoothed particle hydrodynamics (SPH). Colagrossi et al (2010) and Hughes and Graham (2010) for example, have used an SPH model to simulate such impacts.
Comparison between storm waves and solitary waves
Two important parameters will be considered here: wave runup on a sloping beach; and wave forces on a vertical wall. Comparisons between storm waves and solitary waves are complicated by the fact that some parameters associated with one type of wave (such as wavelength or 98 th percentile runup level) do not have a direct equivalent for the other type of wave; however, it is possible to calculate representative quantities.
Wave runup levels are closely related to wave overtopping; hence any conditions that cause high runup levels will correspond to those that cause substantial overtopping. Based on extensive random wave tests, Mase (1989) . Using the values for and given by Hsiao et al. (2008) , the exponent ′ is relatively small (0.092); this means that the form of equation (7) is approximately valid for solitary waves. ), as opposed to deepwater conditions; this was to ensure that the parameter is as comparable as possible to that applied to the solitary waves. All conditions are given in Table 2 .
It is clear that solitary waves give runup levels considerably higher than the extreme storm wave ) of 0.015 was used for the random wave tests, which would be a very low value for waves in the North Sea, giving relatively high runup levels for a given wave height. Figure 11 shows the maximum force imposed on the wall from random waves for each of the five tests, alongside the experimental and numerical results.
In all cases, the maximum force imposed on the wall from the storm waves is considerably less than that imposed by a solitary wave. For 0 = 0.1 m, no storm waves reach the wall. A comparison between runs L5a, and L5b, with almost identical input conditions, shows that variation in maximum input forces for storm waves can be very large (the maximum force for L5b is 37% larger than that for L5a).
Discussion
This paper has showed how the SWAB model can be used as a convenient tool for analysis of both storm waves and solitary waves. Simulations of wave overtopping rates, wave runup levels and forces on vertical structures all show good agreement with physical model datasets and widely used empirical formulae.
For solitary waves, very accurate predictions of wave runup levels on a 1 in 60 slope were obtained. Although the solitary waves were found to break before they reached the shore, and the height of the wave during the initial stage of breaking was affected by the breaking coefficient, this coefficient, , had negligible influence on wave runup levels. As McCabe et al. (2013) found for storm waves, controlling the initiation of breaking with a limiting value of ℎ (equation 4) gives considerably better results for wave runup levels than a criterion based on .
Forces are accurately predicted for non-breaking storm waves (in comparison with the formulae of Goda (2000)) as well as for breaking storm waves. For breaking solitary waves, the SWAB model also gives very good predictions of force imposed on a vertical wall. Photographs from the 2011 Japanese tsunami and the 2004 Indian Ocean tsunami show a wave that is already breaking by the time it reaches the shore. However, when breaking first occurs at the structure (impulsive loading), the SWAB model cannot simulate this phenomenon. It is unlikely that any shallow water model is able to simulate such impacts and a more sophisticated two-dimensional tool, such as the SPH model employed by Cunningham et al (2014) , would be required.
The reverse momentum term (equation 6), that was shown by McCabe et al. (2013) to have a large influence on overtopping volumes for storm waves against a sea wall, does not appear to have a great effect on the force imposed on a wall because the loading is predominantly hydrostatic.
Comparison between runup levels from storm waves and solitary waves show that the solitary waves consistently give higher runup levels than the highest storm waves. At a typical wave steepness for storms in the North Sea, (≈ 0.01), runup levels are approximately 50% higher for a solitary wave with a similar ratio of wave height to representative wavelength. It has also been shown that the force imposed by a solitary wave on a structure is likely to be greater than that from the highest storm waves of a similar wave height. It should be noted that this investigation used solitary waves as an idealisation for tsunamis where there is data for validation; future research will make use of more realistic tsunami waves.
Conclusion
In the UK, coastal structures have been designed to protect against waves and high water levels due to storms. Although tsunamis are very rare in this region, consideration of their impact may require different design guidance. It has been shown that the shallow water and Boussinesq (SWAB) model is a suitable tool for the analysis of both storm wave and solitary wave impact. It has been used here to make a comparison of the relative potential effects, in terms of wave runup and forces on vertical structures, from both types of wave. Further work would be required to analyse how consideration of tsunami impact may require changes to coastal structure design. 
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